Preparation and Synthesis

Synthesis of Upconversion Nanoparticle (NaYF 4 : 20% Yb, 2% Er)
The user-friendly synthesis method of the upconversion nanoparticles (NaYF 4 : 20%Yb 3+ / 2% Er 3+ ) was modified from a previous report. 3 Generally, monodisperse NaYF 4 :Yb, Er (78/20/2 mol%), clear. Then the nanoparticles were dispersed and stored in cyclohexane. These nanoparticles were characterised by TEM, DLS (particle size), TGA, emission spectrum, XRD, XPS, and FT-IR.
One-Step Ligand Exchange Synthesis of CB-UCNPs
The CB [7] stabilised UCNPs were synthesized according to the modified method reported by Lu et.al. 3 In brief, 10 μL of a UCNP solution (10 mg/mL in cyclohexane) were added into 100 μL organic solvent (e.g., chloroform) and mixed with 300 μL of CB [7] aqueous solution with different concentrations.
The mixture was shaken and incubated for 12h, and the water layer was collected and centrifuged at 13,000 rpm for 5 min. Then, the participate was dispersed and centrifuged in water to remove extra free CB [7] molecules. The wash step was repeated at least three times. These nanoparticles are characterized by TEM, DLS (particle size), TGA, emission spectrum, XRD, XPS, FT-IR, and NMR spectrum.
Preparation of Direct Carboxyl-Modified Upconversion Nanoparticle (UCNPs-COOH)
The carboxyl-modified upconversion nanoparticles were synthesised according to the research article of Tan 4 . 3,4-dihydroxylydrocinnamic acid (50 mg) was dissolved in 5 mL of tetrahydrofuran (THF) and
mixed with the solution of OA-UCNPs (15 mg, in 2 mL of THF). The reaction was incubated for 5 h at 6 50 o C. After the reaction, 200 μL of NaOH solution (0.5 M) was added into the mixture to obtain the precipitate, which was collected by centrifuge and redispersed in H 2 O. 
EDC amide Coupling of IgG with UCNPs-COOH
Protein Modification
Synthesis of N-1-adamantanecarboxyl-IgG (IgG-ADC)
The procedure for the synthesis of SA-modified IgG is according to the modified process of Fragoso's report (Scheme S2). 5 The mixture including 1 mg IgG powder (Mw = 150,000), 5 mg of SA and 2.5 mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) was dissolved in 5 mL of 50 mM potassium phosphate buffer (pH 6). The reaction was stirred overnight at 4-5 o C. The solution was concentrated and separated by a centrifugal filter. Due to the high concentration of SA and EDC, few positions, like lysine residues, may also be modified with ADC. Scheme S2. Synthesis of 1-adamantanecarboxylate-modified IgG from rabbit.
Self-assembly of biomolecules on the surface of CB-UCNPs
The mixture of CB-UCNPs (0.1 mg) and biomolecules (1 mg) was incubated in a suitable buffer and stirred at 4 o C for 24h. The mixture was centrifuged at 14,000 rpm for 5 mins at 4 o C. The participates were washed with the same buffer and centrifuged again. The sample was dispersed in a buffer for further test.
Materials Characterizations
FT-IR Spectra
FT-IR spectra of free OA (red) and OA-UCNPs (blue) were shown in Figure S4 . In the frequency of free OA, the v st (O-H) stretching from the carboxylic acid group was shown as a broad range from 3300 cm -1 to 2500 cm -1 because of the hydrogen bond. The range of C=O from COOH is from 1800 cm -1 to 1650 cm -1 . Specifically, when the COOH is connected with an aliphatic group, the typical range is from 1725 cm -1 to 1700 cm -1 . In Figure S4 , the sharp peak of v st (C=O) stretching of OA was displayed at 1708 cm -1 , it also indicated that COOH group was involved in the structure. In the spectrum of OA-UCNPs, the H-bonded broad peak (3300 cm -1 ~ 2500 -1 ) was disappeared, compared with the free OA spectrum. The v st (C=O) stretching was splatted into two peaks, and they shifted to 10 1547 cm -1 (asymmetric) to 1461 cm -1 (symmetric), respectively. It means the carboxylic acid groups in the OA had already changed to carboxylate (-COO -) after modified on the surface of upconversion nanoparticles rather than carboxylic acid (-COOH).
Figure S4
. FT-IR spectra of OA (red) and OA-UCNPs (blue).
Thermomechanical Analysis
Before exchanging the ligand on the surface of UCNPs, OA covered on the surface to stabilise and protect the nanoparticles 3 . The TGA and DTGA curves ( Figure S5 ) of free OA showed all the free OA could be removed before 300 o C and the weight loss temperature is 280 o C. After OA modified on the surface of bare UCNPs (Figure S6) , the temperature of removal is higher than free OA. It means that OA is binding on the surface of UCNPs. Figure S7 showed the XRD patterns of β-NaYF 4 nanocrystals co-doped with 2% Er 3+ and 20 % Yb 3+ (OA-UCNPs), with the standard XRD patterns of hexagonal phase NaYF 4 (JCPDS: 00-016-0334) and NaYbF 4 (JCPDS: 00-027-1427). After ligand exchange, the XRD Patterns of CB-UCNPs still kept the hexagonal phase. Figure S7 . The XRD patterns of OA-UCNPs (β-NaYF4: 2%Er 3+ /20%Yb 3+ @OA) (red) and CB-UCNPs(β-NaYF4: 2%Er 3+ /20%Yb 3+ @CB [7] ) (blue).
X-Ray Diffraction (XRD)
X-Ray Photoelectron Spectroscopy (XPS)
In the O1s region, only one O1s peak was shown in Figure S8 . It proves only one type of oxygen in the system. Further evidence illustrated both two carbon-oxygen bonds in the carboxylic group of OA were equalised after modified on the surface of β-NaYF 4 crystal because of resonance. Figure S9 showed that there are two kinds of oxygens on the surface. However, CB [7] molecule is symmetry, all of the oxygens should be the same. So it further proves that the CB [7] modified on the surface of UCNPs, because parts of molecules moved to another position. In Figure S10 , the peak B also proves two carbon-oxygen bonds are the same because of resonance.
There are three kinds of carbon in free CB [7] after modified on the surface of the nanoparticle (Figure   S11 ), these peaks were split, because of the effect from the surface of UCNPs. After exchanged with CB [7] , nitrogen was found as a new element from CB [7] on the surface. In addition, the only one peak from free CB [7] was also split because of the surface of UCNPs. (Figure   S12 ) 4 
Spectroscopic Analysis
The emission of CB [7] modified NaYF 4 nanocrystal co-doped with 20% Yb and 2% Er was shown in Figure S13 . 
TEM image
The TEM image of OA-UCNPs was shown in Figure S14 . The size of the particle is around 37 nm. Figure S14 . The TEM image of OA-UCNPs.
Size distributions
The size distribution of OA-UCNPs and CB-UCNPs are shown in Figure S15 and Figure S16 . 
Particle Size
DLS was used to calculate the average size of OA-UCNPs in cyclohexane and CB-UCNPs in water.
The average particle size of OA-UCNPs in cyclohexane (Figure S17) is ca. 37 nm. The size distribution generated by DLS is a number distribution. After exchanged with CB[7], the average particle effective size of CB-UCNPs was ca. 78 nm (Figure S18) . It is understandable because the DLS measures the hydraulic diameter of the nanoparticles rather than the actual size. The DLS results would be different for the same batch nanoparticles when they are in a different solvent and with different surface modifications. 
NMR Spectra
1 H NMR of CB-UCNPs was shown in Figure S19 . It also proves that CB [7] had already entirely replaced OA from the surface of OA-UCNPs. 3 Figure 21a shows the structure of OA. According to the characterisation of OA-UCNP's surface, the form of OA is OArather than OA. Due to the resonance of OA - (Figure 21b) , both of the C-O bonds are the same, 127 pm, and shown in Figure 21c . We predicted all the binding potentials which were shown in Table S1 and Table S2 . Compared with bond energies, we considered most of OAon the surface is binding mode 1 and 5 in Table S2 . The main text showed our predicted binding mode in 
Binding mode of OA on the surface of UCNPs
Binding mode of CB[7] on the surface of UCNPs
The structure of CB [7] was shown in Figure S22 . Both sides of CB [7] have seven ketones, which form a substantial π electronic cloud. So CB [7] processes very high binding with NaYF 4 crystal surface because of charge transfer interactions. The binding mode of CB [7] on the surface of the NaYF 4 crystal is shown in Figure S23 .
According to the previous reference 7 , the binding constant (log K) of carboxylic acid with Y atom is from 1.97 to 1.42. About CB-UCNPs, seven ketones from CB [7] bind with three Y atoms. It means more than two ketones share one Y atom. In this situation, the binding constant (logK) of two ketones with one Y atom is 7.19. In addition, the multiple binding sites of CB [7] with Y atoms can increase the binding constant. So the binding constant of CB [7] with Y atom is much higher than OA. 
Quantitative Binding Amount of OA on the surface of UCNPs
According to the binding mode above, the OA molecules form 1:1 binding with Yttrium atoms on the surface of UCNPs.
So, the coverage of OA on the surface of UCNP is
The weight loss of OA-UCNPs shows the percentage of OA molecules. Besides, the number of Yttrium atoms is based on the size of UCNPs, which is measured from TEM image. The process of calculation is displayed below.
The total volume of UCNP ( V u ) is
where the density of upconversion nanoparticle ( ρ u ) is 4.2 g/cm 3 , m u is the mass of UCNP.
The volume of single particle (V s ) is where a and b are the distance between two atoms in different crystal plates, which is shown in Figure S20 .
The surface numbers of Y atoms (N S ) on a nanoparticle is (8) The amount of OA molecules (N OA ) is
The coverage rate of OA on the surface of UCNP is
So, the coverage of OA-UCNPs is 54.6%.
Quantitative Binding Amount of CB[7] on the surface of UCNPs
According to the binding mode of CB [7] on the surface of UCNPs, we found each CB [7] molecule can occupy three Yttrium atoms. So the coverage of CB [7] on the surface of UCNPs is
The process of calculation of CB-UCNPs is similar to the OA one above.
So, the coverage of OA-UCNPs is 50.1%.
The Mechanism and efficiency of one-step ligand exchange modification
Before exchanged on the surface of OA-UCNPs, the ligands followed dynamic equilibrium according to chemical kinetics. The rate (K falling off ) of molecular falling off from the surface is almost equal to the rate (K binding ) of molecular binding on the surface at the same time. Both of the rates are practically equal.
K falling off = K binding
After at least 12h shaking, all of the nanoparticles were extracted from cyclohexane layer ( Figure   S24 ). These emission spectra before and after exchange are shown in Figure S25 . 
The Mechanism of Self-assembly
Cucurbituril molecules have a non-polar cavity and two polar portals. The fixed negative charge is formed on both sides. Typically, the guests of cucurbiturils have one of the following properties at least: i). positive charge; ii). hydrophobic; iii). the fitting size.
The amino acids have to bind with CB [7] , because of the charge transfer between the cationic amino group and negative portals. The binding constants and test conditions of amino acids were shown in Figure S26 and Table S3 , which values are from 10 1 M -1 to 10 6 M -1 . [8] [9] [10] [11] However, the highest binding of amino acid (Phe) is still much lower than 1-adamantanecarboxylic acid (3.23 × 10 8 M -1 ). According to selective binding theory, 12 CB[7] will choose 1-adamantanecarbpxylic acid rather than amino acids in general proteins. The binding mode is shown in Figure S27 . Figure S27 . Binding Model of Self-Assembly.
Conjugation Amount Test
The protein concentration of CB-UCNPs@IgG-ADC was tested according to the protocol from Thermo Scientific.
Conjugation Availability
Conjugation Availability of CB-UCNPs
The number of CB [7] (N CB [7] ) on the surface is [7] = [7] [7]
where m CB [7] is the weight of CB [7] in CB-UCNPs, was tested by TGA, M CB [7] is molecular weight of CB [7] , N A is Avogadro's constant.
The number of IgG (N IgG ) on the surface is = where m IgG is the weight of IgG in CB-UCNPs@IgG-ADC, was tested by BCA protein concentration test, M IgG-ADC is molecular weight of IgG, N A is Avogadro's constant.
So, the conjugation availability is = [7] × 100%
We calculated the conjugation availability of CB-UCNPs with IgG is 7.5%.
Conjugation Availability of UCNPs-COOH
The same as CB-UCNPs, the conjugation availability of UCNPs-COOH is
We calculated the conjugation availability of CB-UCNPs with IgG is 1.7%.
Conjugation Rate of Self-Assembly
The process of self-assembly is shown above. The samples were collected at the different time pots.
The concentration of protein at various times was tested by BCA protein concentration test.
The Shelf-Life of Self-Assembly Conjugation
Two experiments to investigate the shelf-life of the self-assembled conjugation system were carried out.
(1) The emission stability of self-assembled CB-UCNP@IgG-ADC system, and (2) the binding stability of IgG in the self-assembled system. After the self-assembly, the CB-UCNP@IgG-ADC was kept at 4 o C, and the emission spectrum was measured for a varied time from 0 h to 192 h (8 d).
The half-life of conjugation is about 7 d (ca. 167 h). We also measured the free IgG amount in solution using BCA method after the conjugation of IgG. After 8 d, only 6.6% IgG was shown in the solution indicating the disassembly at a very slow rate. (Table S4, Table S5 , Figure S28 and Figure S29 ) The difference between Tables S4 and S5 can be explained because UCNPs can precipitate or hydrolyze even if IgG is still on their surface. In any case, the data of Table S4 is more relevant for the overall stability. S28 . The emission stability of CB-UCNP@IgG-ADC. ×100%. Figure S30 shows that the cell viability decreased with an increasing concentration of CB-UCNPs. Although at a very high level (400 μg/mL), cells still kept good viability (more than 70%). It means that CB-UCNPs processed an excellent biocompatibility and suitable for disease detection in the future. 
Cell imaging
Cell culture and immunostaining
The sample we chose for cell imaging is NaYF 4 : 20% Yb, 0.5% Tm. The synthetic process is similar to the process of NaYF 4 : 20% Yb, 2% Er. Human cervical cancer HeLa cells were cultured with high Dulbecco's Modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) in a humidified incubator at 37 ℃ where the CO 2 level was kept constant at 5%. To do immunostaining, 1 x10 4 HeLa cells were seeded in a confocal dish and were fixed with 4% paraformaldehyde for 15 minutes at room temperature after washing three times with PBS for 5 minutes per wash. Washing cells with PBS for three times, cells were permeabilised for 10 minutes with PBS containing 0.1% Triton X-100. The cells were then washed three times with PBS and blocked with 1% BSA in PBS for 1h at room temperature. After that, cells were washed three times with PBS and incubated in the diluted primary antibody in 1% BSA in PBS (1:500) in a humidified chamber overnight at 4℃. After three washes with PBS, cells were incubated with the diluted second antibody conjugates with UCNPs at room temperature. DAPI was used to stain nuclear for 24h at room temperature after three washes with PBS. After that, FITC conjugates of phalloidin were diluted with PBS(1:50) and used to label actin filaments in HeLa cells for 20 minutes at room temperature. Washing cell with PBS for three times, the sample was used for immunofluorescent imaging. Samples were imaged with 20X objective lens. The DAPI and FITC conjugates of phalloidin were excited with 405 nm laser and 473 nm laser in the confocal microscopy. UCNPs on the cells were excited with 980 nm laser in wide field with another light path which was inserted into the confocal microscopy. The images of cell and UCNPs were merged with our program. One of the key limitation of this study lies in the spot size limit of the 980nm sensor which can only detect an area between 3-5µm ( Figure S31) .
